Introduction
With 10,000 to 12,000 diagnoses per year in the European Union and 1,300 in the USA, imported malaria represents a growing challenge for health practitioners in the Western world [1, 2] . In Germany, 800 to 1,000 cases of imported malaria are registered each year, two-thirds of which are caused by Plasmodium falciparum, the causative agent of falciparum malaria. Severe or complicated falciparum malaria is characterized by a broad spectrum of life-threatening complications, in particular acute respiratory distress syndrome, renal failure, circulatory shock and coma [3] [4] [5] [6] [7] [8] . The course of the disease is often precipitous, requiring rapid diagnosis and initiation of both specific antimalarial chemotherapy and appropriate supportive care [5, 9] . Despite improvements in intensive care management, the case fatality rate for complicated malaria in the intensive care unit (ICU) is still high and may reach up to 40% [9] [10] [11] [12] . Unfavourable outcomes are at least partly attributable to delayed initiation of appropriate ICU = intensive care unit; IMC = intermediate care unit; WHO = World Health Organization.
supportive care [13] [14] [15] . Early initiation of intensified supportive care, including ICU admission, has therefore been proposed by several investigators [2, 10] . At the opposite end of the spectrum, ambulatory treatment appears to be a safe option in selected patients, as highlighted in recent publications [16, 17] . Reliable criteria must be established so that patients may be assigned to the appropriate management strategy. At our institution, all patients with newly diagnosed falciparum malaria are initially referred to a combined medical intermediate care unit (IMC)/ISU, regardless of the presence or absence of complications. The present study was designed to evaluate critically the performance of this treatment strategy with respect to complications and outcome.
Materials and methods

Study population and design
We evaluated all patients with imported falciparum malaria admitted to the combined medical IMC/ICU of Heidelberg University Hospital, Heidelberg, Germany, between 1 January 1996 and 31 December 2003, in a single-centre retrospective observational study. Inclusion criteria were as follows: minimum age 15 years and a newly diagnosed P. falciparum infection acquired in an endemic country and imported to Germany. In all cases the diagnosis of falciparum malaria was based on positive Giemsa-stained thin and thick blood smears, examined by experienced physicians of either the Department of Laboratory Medicine or the Section of Clinical Tropical Medicine. Ethics approval was obtained from the local ethics committee (Medical University Heidelberg).
Setting
The 14-bed medical ICU at Heidelberg University Hospital is both a primary care and a tertiary referral centre for critically ill patients. The unit is split into a seven-bed, fully equiped ICU and a seven-bed intermediate care area (IMC). All patients are treated by the same physician and nursing team.
Data collection
Patients' medical charts were reviewed retrospectively and the following data were collected: demographic baseline data and travel-related history (age, sex, region of travel, use of antimalarial chemoprophylaxis), latency period (time from arrival in Germany to presentation at hospital), signs and symptoms at presentation, laboratory results, treatment, complications and outcome data (mortality and length of stay both in the hospital and in the ICU). Disease severity on admission to the ICU or IMC was assessed by means of the Simplified Acute Physiology Score II [18] . Chemoprophylaxis was considered inappropriate when it was either not taken at all or inadequate. European travellers and tourists were considered nonimmune. Patients who were born and grew up in malaria endemic areas were defined as semi-immune.
Patient management
Since 1996 all patients with microscopically confirmed falciparum malaria have been directly referred to the medical IMC/ ICU. This treatment strategy was implemented after one fatal course during the preceding year and was intended to promote optimal monitoring and treatment conditions. After the initial assessment by the physician in charge, patients were either transferred to the IMC area or to a regular, fully equipped ICU bed. All patients received antimalarial drug therapy immediately and were continuously monitored. Basic and advanced supportive care measures provided to the patients are summarized in Table 5 (see below) . Additionally, urine output was monitored hourly in critically ill patients and twice daily in uncomplicated cases. Administration of blood components was performed according to clinical judgement. Decisions regarding transfusion of red blood cells were based on published recommendations (fall of haemoglobin concentration by 20% within 24 hours or cardiac decompensation) [19] . None of the patients developed severe anaemia (haemoglobin <5 g/ dl). Haemodialysis treatment was initiated in case of apparent renal failure, as defined by World Health Organization (WHO) criteria (Table 3 ; see below), despite adequate intravenous fluid replacement. Daily consultations with senior specialists in tropical medicine were held to discuss both antimalarial drug therapy and supportive care. Discharge from the IMC/ICU was based on consideration of the general status and clinical course of the patient.
Drug treatment
Patients were treated with standard drug regimens, including quinine and doxycycline, atovaquone/proguanil, and mefloquine, bearing in mind drug resistance patterns, pretreatment, chemoprophylaxis taken and other individual factors (such as individual contraindications to a specific drug). Patients with complicated falciparum malaria received intravenous quinine with a loading dose on ICU admission. Patients without complications received intravenous quinine only if clinically indicated. Dose adjustments in patients with acute renal failure or hepatic dysfunction were performed as recommended by the WHO guidelines [19, 20] . None of the patients originated from a multidrug-resistant region.
Definition of complications
Serious or complicated malaria was defined according to the WHO criteria by the presence of one or more of the clinical and laboratory manifestations enlisted in Table 3 (see below) , along with asexual forms of P. falciparum in peripheral blood smear [9, [19] [20] [21] [22] . The presence of haemoglobinuria could not be determined retrospectively. Serious complications requiring immediate medical intervention were defined as those that were life-threatening; they included circulatory shock, renal failure, respiratory failure, acidosis, abnormal bleeding, severe anaemia, coma or seizures, and hypoglycaemia.
Data handling and statistical analysis
All patient data were documented on a spreadsheet (Excel 2000; Microsoft Corp, Redmond, WA, USA) and analyzed statistically using WinStat (R. Fitch Software, Staufen, Germany) and SPSS 13.0 (SPSS Inc., Chicago, IL, USA) software. Patients were categorized into groups on the basis of the presence or absence of complications. The distributions of continuous variables were checked for normality using the Kolmogorov-Smirnov test and, if appropriate, expressed as mean ± standard deviation. For some laboratory data, logarithmic transformation was applied to achieve normality. Continuous variables deviating from normality were presented as median with interquartile range (25th to 75th percentile). Unpaired Student's t-tests and Mann-Whitney U-test were used to compare two groups. Candidate clinical and laboratory predictors of complications that were statistically significant at the explorative level of 10% (P < 0.1) in the univariate analysis were subjected to binary logistic regression to determine the independent contribution of each possible risk factor. Receiver-operating characteristic curves and areas under the respective curve (AUCs) were further calculated, and model fit was assessed using the Hosmer-Lemeshow goodness-of-fit statistic [23] . Categorical data were presented as absolute numbers with associated percentages and evaluated using χ 2 or Fisher's exact test, as appropriate. All tests were applied two-tailed, and a P value of < 0.05 was considered to be statistically significant.
Results
Patient characteristics
Between January 1996 and December 2003, a total of 165 patients with malaria were admitted to the medical IMC/ICU. Of these patients, 122 with P. falciparum malaria were included in the present study. Thirty-three patients were excluded because of infection with other Plasmodium spp. (P. vivax, P. ovale and P. malariae) and ten patients because of late transfer (>24 hours after diagnosis) or incomplete data ( Figure 1 ). A total of 116 patients were directly admitted to the IMC/ICU via the Medical Emergency Department or the outpatient clinic of the Section of Clinical Tropical Medicine. Six patients were transferred to the ICU from referral hospitals within 24 hours or less after diagnosis. The study population was predominantly male. During the 8-year study period there were no fatal cases of falciparum malaria. Table 1 lists patient characteristics, demographic profiles, and signs and symptoms at the time of admission to the IMC/ICU. Patients with complications were significantly older than patients without complications. All but 15 of the 122 patients acquired P. falciparum malaria in sub-Saharan Africa. Other regions of travel were Southern Africa, Asia and tropical South America, accounting for eight cases, six cases and one case, respectively. Chemoprophylaxis was inappropriate in 98 patients (80.3%); it was not taken at all by 74 patients and inadequately by 24 patients.
Fifty-five patients (45.1%) fulfilled recently published criteria for ambulatory treatment, namely parasitaemia under 1%, absence of complications, age 16 years or older, and no vomiting [17] . In one of these patients hyperbilirubinaemia was observed. None of these 55 patients required advanced supportive care.
Laboratory results
Haematological and biochemical findings on admission are shown in Table 2 . Univariate logistic regression detected significant differences between complicated and uncomplicated malaria in 12 of the 16 parameters tested. Serum bilirubin, lactate dehydrogenase and platelet concentrations exhibited the greatest differences between groups. Significant differences were also observed for initial and peak parasitaemia (P < 0.0001); median parasitaemia on admission was 0.7% (interquartile range 0.1% to 5%) for uncomplicated cases, and 21% (2.5% to 45%) for patients with complications defined according to WHO criteria. Parasitaemia increased to a median of 1.6% (0.2% to 5.7%) in patients without complications and 34% (11.5% to 72.1%) in complicated malaria.
Mild hyponatraemia (serum sodium 125 to 135 mmol/l) at admission was a common finding and occurred in 77 patients (63.1%). However, only one patient exhibited a serum sodium concentration below 124 mmol/l. In addition, an increase in aspartate aminotransferase to more than three times the upper normal limit -usually regarded 'malaria hepatitis' -was documented in 27 patients (22.1%). Table 3 shows the complications recorded on admission and occurring during the IMC/ICU stay. Twenty-one of the 34 patients with a complicated course exhibited signs of complications at the time of admission to the IMC/ICU, whereas another 13 patients without initial complications developed them during their stay in the IMC/ICU. Hyperparasitaemia (> 5% parasitized erythrocytes) was present in eight patients on admission and developed in five further patients during their hospital stay. The corresponding numbers for hyperparasitemia above 10% were five and one. Twenty-one patients developed one complication, six patients two complications and seven patients three or more complications. Life-threatening complications requiring ICU support were observed in seven patients at admission and developed in six further patients during the IMC/ICU stay. Three of the latter did not exhibit any complications at the time of admission. The time course of life-threatening complications is shown in Table 4 .
Complications
Four of the five patients fulfilling the criteria for acute renal failure required haemodialysis. In one patient with renal failure, haemodialysis could be avoided by careful intravenous rehydration. Parasitaemia and markers of haemolysis (lactate dehydrogenase, aspartate aminotransferase and bilirubin) were significantly higher in patients with acute renal failure than in those with other complications, both on admission and during hospital stay (data not shown).
Treatment
Quinine was given to 56 patients (45.9%), 44 of whom received it intravenously. In 21 patients (17.2%) quinine was given in combination with oral doxycyclin. Thirty-four patients (27.9%) received mefloquine. Atovaquone/proguanil was given in 42 cases (34.4%), as an exclusive treatment in 32 patients and to complete treatment after initial quinine therapy in 10. A total of 270 blood units, including 78 packed red blood cells, 82 thrombocyte concentrates and 110 fresh frozen plasma, were transfused in 20 patients. Basic and advanced supportive care measures for the 122 study patients are listed in Table 5 . Empirical antibiotic treatment was given in four patients with either persistent shock or probable pneumonia. All patients recovered completely and were discharged from the hospital without residual sequelae.
Prognostic factors
Significant and nearly significant (P < 0.1) variables from the univariate analysis were included in a multivariate binary logistic regression model. Because of the small number of patients with secondary acquisition of complications, we opted to choose the need for advanced supportive care (Table 5) as the variable of interest. Five patients needed immediate advanced supportive care at the time of admission and were therefore excluded from this analysis. A further nine patients (including one patient with advanced supportive care) were excluded because of missing laboratory data from chart review. The Hosmer-Lemeshow goodness-of-fit χ 2 statistic was 9.548, with eight degrees of freedom (P = 0.298), which indicates excellent calibration of the model. Binary logistic regression demonstrated that haemoglobin and platelet levels as well as serum sodium concentration at admission were inversely associated with the need for advanced supportive care ( Table 6 ). The AUC for blood platelets was 0.837 (standard error 0.047; P < 0.001; 95% confidence interval 0.744 to 0.929), suggesting good accuracy of blood platelets in predicting the need for advanced supportive care in the ICU. For comparison, sodium levels had an AUC of 0.789 (standard error 0.051; P < 0.001; 95% confidence interval 0.690 to 0.889) and blood haemoglobin concentration had an AUC of 0.686 (standard error 0.064; P = 0.007; 95% confidence interval 0.561 to 0.811), indicating that these variables has less discriminative power (see Figure 2 ).
Discussion
Because of the dynamics of P. falciparum infection, patients may deteriorate within 24 hours despite initiation of adequate antimalarial treatment [19, 24] . Thus far, however, reliable criteria for ICU admission as well as standardized protocols for the supportive treatment of complications have not been established [2, 10] . This retrospective cohort study describes clinical features and treatment of 122 patients with imported falciparum malaria admitted to the combined medical IMC/ICU of a university hospital over an 8-year period. In contrast to conventional practice, all patients with newly diagnosed P. falciparum infection were initally referred to the IMC/ICU, regardless of the presence or absence of complications. Our results clearly show that early IMC/ICU treatment of all patients with imported falciparum malaria is associated with a favourable clinical outcome; none of the patients died and all were discharged from the hospital without sequelae.
Previous studies of the treatment of imported malaria in the ICU have reported much higher mortality rates. In a study reported in 2003 [2] , a French group evaluated 188 patients admitted to an ICU for treatment of imported falciparum malaria over a 12-year period. In contrast to our patient cohort, all patients included in that study suffered from complicated malaria and their overall mortality was 5.3%. A few years earlier the same authors described 50 patients with complicated falciparum malaria treated in a medical ICU over a 6-year period [25] . The corresponding mortality rate was 14% in this analysis, mostly due to refractory circulatory shock. In a survey from Austria [10] seven out of 69 patients with falciparum malaria were admitted to the medical ICU for treatment of complications; three patients died despite sophisticated ICU management, corresponding to an ICU mortality rate of 40%. In a recently published analysis from Germany [26] , 21 out of 116 patients with falciparum malaria were treated in the ICU, of whom two patients died.
In all of these studies patients were only transferred to the ICU in case of serious complications or deterioration, despite appropriate antimalarial drug therapy. This strategy, which reflects usual clinical practice, has several pitfalls, however. Doctors and nursing staff on regular (non-ICU) wards may face problems in providing the 24-hour monitoring that is necessary to detect arising complications rapidly. Furthermore, loss of information during ICU transfer may cause delayed and suboptimal treatment. Our approach differs markedly from this 'traditional' treatment policy, mainly by providing a higher level of initial observation and by shortening the response to upcoming complications. Indeed, this strategy enabled us to successfully manage all arising complications over an 8-year period. We hypothesize that a number of potentially preventative measures in the IMC contributed to the low rate of major complications in our patient cohort: intense monitoring, close surveillance by doctors and nursing staff, and rapid medical response to upcoming complications.
As shown by others, rapid correction of both hypovolaemia and circulatory overload by means of intravenous hydration and diuretic therapy is essential to prevent the development of life-threatening complications, including circulatory shock, acute renal failure and acute respiratory distress syndrome [19] . Early transfusion of blood products (none of the patients developed severe anaemia) might have further supported these effects. Acute renal failure that is (as in our patient cohort) typically associated with high parasitaemia and significant haemolysis have been shown to carry particular risk [27, 28] . Hence, in our patient group renal replacement therapy was promptly initiated once signs of acute renal failure were present and did not rapidly improve with intravenous rehydration. This strategy is consistent with suggestions by other authors and has been shown to be beneficial [27, 29, 30] .
Our study raises additional concerns that must be addressed. The data presented herein clearly show that initial IMC/ICU admission does not completely prevent the development of serious complications; life-threatening complications requiring immediate intervention developed in six patients after initiation of treatment in the IMC/ICU. Most importantly, half of these patients did not have any complications at the time of admission. One explanation for this phenomenon is that side effects of antimalarial drugs as well as nosocomial infections may facilitate the development of serious complications [8, 24] . In two of the three patients mentioned above, severe hypoglycaemia, probably due to quinine administration and the parasites' glucose demand, was the only complication observed during the ICU stay. Another four patients exhibited clinical signs of septicaemia requiring broad-spectrum antibiotic treatment. These observations illustrate both the difficulties in predicting severe courses of the disease and the need to monitor treatment complications.
Initial treatment of all patients with imported falciparum malaria in the hospital setting continues to be the most common practice in Western countries [24] . However, results from two recently published prospective observational studies have shown that outpatient treatment of uncomplicated falciparum malaria in adults with low parasitaemia (< 1%) and without vomiting can be safe and effective [16, 17, 31] . Although our study was not initially designed to address this issue, our findings in a subgroup analysis support these findings.
By using binary logistic regression, we identified thrombocytopenia, hyponatraemia and anaemia to be of decreased significance as predictors of need for advanced supportive care. As with anaemia, low platelets have been identified as markers of severity and predictors of fatality by other investigators [2, 11, [27] [28] [29] [30] . In contrast, hyponatraemia in falciparum malaria is usually mild and not regarded to be an indicator of compli- Macroscopic haemoglobinuria Dark or red urine; exclude haematuria, haemolysis not secondary to glucose-6-phosphate dehydrogenase deficiency
ND
The complications are defined according to the World Health Organization classification system [20] (n = 34 patients). ND, not determined Table 4 Life-threatening complications in 13 patients with imported falciparum malaria cations. In rare cases, however, severe hyponatraemia may cause cerebral oedema and coma, and thus complicated falciparum malaria [31, 32] . In view of these findings it is noteworthy that factors predicting disease severity vary between study centres and cannot be generalized for all conditions [11, 29, [32] [33] [34] . Hence, the presence of thrombocytopenia, hyponatraemia and/or anaemia at admission should raise particular concern about secondary complications requiring advanced supportive care. Their absence, however, does not exclude fulminate courses of the disease. Also, because of the retrospective nature of the study, neither plasma lactate at admission nor time from symptom onset to antimalarial therapy initiation could be retrieved from the patients' charts. Both parameters have been shown to be important prognostic factors in falciparum malaria [35] .
An important finding of our study is that the vast majority (80.3%) of our patients took either no or inappropriate chemoprophylaxis. This is comparable to the findings of other studies and proves once again the need for more effective prevention strategies, including better patient complicance [2, 36, 37] .
Our study has limitations that should be mentioned. First, as a retrospective case review performed in a single centre, it is subject to several possible biases, namely reporting bias and selection bias. Hence, because of its retrospective nature, our evaluation can generate hypothesis but cannot prove causality. In particular, we cannot definitely exclude the possibility that the low number of serious complications and the favourable therapeutic outcomes in our patient group is due to selection rather than to treatment strategy. Second, other centres have reported low or no mortality even without early IMC/ICU treatment [37] [38] [39] . Hence, other factors, including rapidity and accuracy of diagnosis, but also the multidisciplinary nature and availability of specialists in German tropical medicine departments (who are usually affilitated to university hospitals), should also be considered as important determinants of treatment response. Third, we did not have a control group of patients treated in accordance with conventional practice. However, even in a prospective design, ethical considerations would probably have prevented us from including one. Finally, additional treatment costs as well as appropriate treatment duration in the IMC/ICU remain to be determined. In times of rationing ICU resources, this question is of particular importance. In the future, alternatives to our strategy may arise from the implementation of rapid response systems, including inhospital medical emergency teams [40, 41] .
Conclusion
In summary, this is the first study to show that early monitoring and treatment in the IMC/ICU is indeed associated with a favourable therapeutic outcome in patients with imported falciparum malaria. However, because of methodological limitations we cannot recommend a general change in common treatment policy. ROC curve analysis of three statistically significant predictors of need for advanced supportive care ROC curve analysis of three statistically significant predictors of need for advanced supportive care. A total of 108 patients with imported falciparum malaria were included in the analysis. ROC, receiver operating characteristic.
Key messages
• Hospitalized patients with imported falciparum malaria may benefit from early treatment in the IMC/ICU.
• During therapy it is important to monitor for treatment complications and nosocomial infections.
• Further studies with improved design are necessary to confirm our findings.
